The uncertainties of modern, adaptable sheet metal forming systems are classified into model errors and disturbances. To improve the control of production, disturbances in the forming process need to be reduced. For this purpose, a new data flow system was introduced. It connected the data flow of all influencing material parameters into the "material property control function". To control on-line the forming production line and acquire necessary material data, an indentation test was implemented. The main parameters to follow in this test are pile-up or sink-in values after the embossing of the ball-shaped tool into the material where the innovative approach of fully anisotropic material description was used. To set-up an optimal indentation test, parametric studies were performed with material data of AW 5754-H22. Finite element simulations were used to evaluate the influences of indenter diameter, contact friction and forming history of used the material. Fully anisotropic material behaviour was considered. Novel to this approach were a) the linking of the linear correlation of pile-up with the indentation depth described by gradient k, and b) the linking of gradient k with different pre-strains by a new power function.
INTRODUCTION
The autonomous operation of modern metal-forming processes is essential. An appropriate response of the flexible sheet metal forming lines can only be provided if the properties of the incoming material can be identified online. All deviations of the finished part from the design are coming from the uncertainties of the forming process. Allwood et al. [1] have described in an overview paper of this research field those uncertainties in metal forming processes and divided them into model errors and disturbances. According to this classification, the model errors include all process design errors (necessary forces, friction, etc.) while disturbances include all those uncertainties that are not included in model errors (variations in input material thickness, equipment vibration, temperature differences, differences in the material forming properties, etc.). One of the major goals in designing modern metal forming processes is to have the majority of all influential parameters described as model errors and to minimize the amount of disturbances. To follow major goals in designing the modern metal forming processes, we need to move uncertainties caused by the changes of metal forming properties from disturbance to model errors. This transition can be made with the implementation of the indentation test.
A spherical indentation test is commonly used for determining the hardness of the material. However, with special approaches, we can also make evaluations with its constitutive properties, fracture toughness,
Study of Influential Parameters of the Sphere Indentation Used for the Control Function of Material Properties in Forming Operations • A new set-up of the control function influenced by the material properties, which is intended for the direct control of the sheet metal-forming production process via on-line indentation testing. • Influential parameters of indentation testing at different indentation depths shows following scientific innovations: • The pile-up effect is dominant when the spherical indenter is embossed into AW 5754-H22. • A linear relationship exists between pile-up and indentation depth at different indenter diameters, in which the pile-up value has a smaller gradient in the case of a bigger indenter diameter and vice versa. • If no elastic region exists under indentation, the observed relationship between indenter diameter and pile-up value is not linear. • The relationship between Coulomb friction coefficient µ and pile-up value expresses larger values of the linear gradient at a smaller value of friction coefficient µ. • A linear relationship exists between the pile-up and indentation depth at various values of normal anisotropy.
Examining the cold roller anisotropic material, it was found that the pile-up at θ = 45° has the nearest slope to the isotropic one while at θ = 0° the slope is increased and, vice versa, at θ = 90° it is lower as in the case of isotropic material..
• The most important contribution to the research of indentation is a novel definition of power function correlations among strain
hardening, anisotropy and pile-up.
residual stresses, and creep properties. The indentation test is classified as a non-destructive [2] or quasi-nondestructive [3] localized test that can be used for nonstandard specimens. Indentation test is a simple test but extracting the aforementioned properties from a specimen is far from easy. The biggest challenge is non-uniform strain beneath the indenter. This paper evaluates the constitutive properties of the material based on the indentation test. Such evaluations with similar methods have been done by several authors [4] to [17] , and they have used the strain-hardening coefficient n based on the Hollomon hardening power law (Eq. (1)).
σ ε f e ,p = ⋅ C n ,
where C and ε e,p are Hollomon material constant and true equivalent plastic strain, respectively. The first comprehensive study of the correlation between indentation test and material flow stress was done by Tabor [4] , which proposed the proportionality between the mean contact pressure, the product of the flow stress, and the factor of the plastic material constant with values in the range between 2.6 and 3. Sonmez et al. [5] demonstrated analytical relations between hardness and strain for cold-forming parts. Their model requires only flow curve constants, which can be obtained through a simple compression test, and effective strain distribution, which can be obtained through a finite element (FE) analysis of the cold-forming process. Determining the plastic properties of the structural steel using spherical indentation with a reverse algorithm was studied by Pham et al. [6] . Fig. 1 shows geometrical relations between indenter and material's embossing during the indentation test. In the Fig. 1 , the expansion cavity model (ECM) and the pile-up or sink-in effect are also presented. The basis of the ECM was set by Hill [7] based on Lamé's solution, while Johanson [8] added the relation of the mean contact pressure regarding the observed plastic strain. Pile-up and sink-in was investigated by Hill et al. [9] determining the so-called c 2 function to relate the Hollomon hardening exponent and pile-up or sink-in effect. Yonezu et al. [10] proposed an indentation method to estimate the out-ofplane plastic anisotropy, with the aid of dimensional analysis and the representative strain concept. In their proposed method, the material is assumed to obey the work-hardening law and has out-of-plane anisotropy of plasticity governed by Hill's yield criterion. With the help of the finite element simulation. Taljat et al. [11] have shown that pile-up and sink-in during spherical indentation of elastoplastic materials depend not only on the strain hardening exponent, but also on the relative amount of elastic and plastic deformation as characterized by the non-dimensional material parameter E/σ f , the non-dimensional depth of penetration, h/(D/2), and the friction coefficient. In Fig. 1 , the horizontal dotted line represents the material condition before conducting the indentation test. The first step of the indentation test is the loading process. During this step, the force F to the indenter is applied (also known as contact force) which presses the indenter into the material. At indenter depth h p , the equilibrium of forces is achieved. The contact edge between indenter and material define the projected contact diameter d p . The next step is the material unloading where indenter moved upwards. Due to the elasticity of the indenter and material, the contact between them persists and can be measured with indenter force. At the separation, the contact force drops to the value of 0. The location of the indenter at this moment is marked in Fig. 1 by dashed lines. Now the indentation depth h and corresponding diameter d can be measured. During the penetration of the indenter into the material, material flows in the indenter's vicinity. If the extruded material forms a hill, then this is considered to be the pile-up (s u ) effect. In the opposite situation, the phenomenon is described as "sink-in" (s i ) ( Fig. 1 ). Pile-up (sink-in) is influenced by the area under the indentation that consists of three characteristic zones. The hydrostatic region (H) lies directly below the contact surface and is not subject to the plastic strain, but it significantly affects the plastic strain of the next region (P) being plastic deformed. The furthest distance from the indentation is the region being only elastically loaded (E).
With the indentation test, we can collect all needed input data (F, d or d p , h or h p , s u or s i ) to define the material properties. If the material property is assumed to be isotropic, then the true stress versus true equivalent plastic strain (σ f -ε e,p ) curve is obtained Fig. 1 . Indentation test with ECM model: a pile-up, and sink-in from the indenter force versus indenter depth diagram (F -h p ). This transformation was studied by Karthik et al. [12] and described in an ISO/TR 29381 standard [13] . The determination of the anisotropic material properties demands, additionally to the F -h p curve, the measurement of the indentation-surrounding region, especially the areas with maximum pile-up (or sink-in) values. Yonezu et al. [10] have proposed a method with contour mapping on the indentation's surrounding area. Alternatively to this method, the residual imprint was introduced by Wang et al. [14] . Shen et al. [15] have demonstrated a novel method for measuring residual stresses both in uniaxial and biaxial stress states. Petryk et al. [16] developed a method to estimate the power-law hardening exponent of an anisotropic fcc single crystal from the spherical indentation test. The focus of their method was on residual pile-up/sink-in topography without the need to solve the relevant inverse problem afterwards. Wu et al. [17] used 3D roughness measurement equipment for scanning of the indentation's surrounding. For rolled materials used in sheet metal forming, Banabic [18] described the anisotropy as orthotropic, with the following orientations: longitudinal (rolling direction), transversal (perpendicular to rolling direction) and normal direction. The best way to describe this phenomenon is Langford r-values, which can be obtained by the uniaxial tension test [19] . During testing, force as well as strain in all three directions (longitudinal, transversal and normal) have to be acquired.
In the numerical program ABAQUS, a material's anisotropy can be described with Hill's yield criterion [17] and [20] , as expressed in Eq. (2). 
where F, G, H, L, M and N are anisotropic parameters. They describe the current state of the anisotropy of used sheet metal material and are calculated as follows: 
where R are parameters of the stress ratios. In Eq. (3), R ii are ratios of normal stresses while R ij represent anisotropic yield ratios for shear stresses (Eq. (4)): 
where σ 0 is used normal stress considered as flow stress at the rolling direction implemented in the FE simulation and as the corresponding shear stress. The majority of modern sheet metal-forming lines are automated and have several control functions [21] and [22] implemented into the production processes in order to assure quality of the products [1] . However, the spherical indentation test is a novel approach used for the on-line control of forming parameters directly on the production lines. Therefore, a new set-up of the control function data-flow presented in next chapter is to be determined. It has to be emphasized that the ball indentation, as known in various hardness testers, is the only design basis for the present study. The main purpose of the analyzed indentation here is entirely distinct from common hardness measurements.
DATA FLOW OF MATERIAL PROPERTY CONTROL FUNCTION (DFMCF)
The data flow control function necessary to implement the indentation test into the production line as online material control for evaluation of changes in material properties is presented in Fig. 2 . The data flow is divided into three groups: knowledge buildup, process set-up and control function generator. Each of these groups includes one or more influential modules. The group knowledge build-up consists of material property, material property database, forming process knowledge database, FE simulation, and FE database. The knowledge build-up is external operation and can be done outside of the sheet metalforming process. This paper concentrates mainly on the FE simulation module to evaluate material response to various indenter loads and influential parameters of this experiment. The topics presented in this paper are emphasised with orange blocks in Fig. 2 . The main advantage in comparison to known close-loop controls of forming lines [1] is that other authors represent the control systems according to the measured results of the forming process itself while the main input parameters of the system presented in this paper are the material data. These material data are measured before the forming process, using the proposed indentation test. Such a concept is similar to some newly developed feed-forward control loops, as presented by Heingärtner et al. [23] however, the mechanical properties of the input material are not defined by the on-line measurements of those authors.
At the beginning of each production, the settingup of the process is needed. During this period, all relevant equipment and necessary information (including the material's properties) have to be inserted into the sheet metal forming line. In DFMCF, the material properties are selected in the module used material in the process set up group. Inside of this module is the database with a list of all materials for which the relations between FE simulation and forming process knowledge is known. Output information from this module is material designation m (Fig. 2) , and it goes into the material property database and FE database.
After material selection, all relevant data from the forming process knowledge database and FE database are transferred into the control function generator group. This group consists of material property control function generator and indentation test. The group is integrated into the sheet metal-forming process, and it is constantly active. The function of the indentation test is to emboss the indenter into the material and measure in case of analysed AW 5754-H22 the value of the pile-up. In this article, the influence of indenter diameter and material parameters on pile-up was studied. The main design rule for the indentation test is to find a suitable indenter diameter to obtain the highest pile-up value. However, the influence of the material thickness and coefficient of friction between both objects in contact also has to be considered. The design rule is stored in the FE database, and, during setting-up, the process is transferred to the indentation test module as indentation design parameters h (Fig.  2) . It can be observed that the pile-up value and gradient of it are small and so the immense challenge is how to measure the pile-up. This is even more complex in the case of anisotropic material properties. The output from the indentation test is indentation test parameter t' and pile-up measurement i' (Fig. 2) . The pile-up measurement i' is plugged into the material property control function generator module. Other inputs for this module are forming process knowledge database and FE database. In the module control function generator, all inputs are compared. The output from the control function generator is control function (Fig. 2 ) being integrated into the control function of the sheet metal-forming process.
The knowledge build-up group can be run independently from the sheet metal forming process. The purpose of this group is to build-up knowledge about material properties, the relationship between material forming properties and embossing of the indenter, the relationship between material forming properties and forming processes, etc. The knowledge build-up consists of material property, material property database, forming process knowledge base, FE simulation, and FE database modules. The function of the material property module is to experimentally collect the data of material properties. In the present article, the uniaxial tension test was used. Data set u (Fig. 2 ) consist of Young's modulus, Poisson's ratios, flow curve σ f -ε e,p , Lankford's r-values, material thickness, material description. However, the forming limit diagram, chemical composition, crystallographic composition, as well as thermal data, have to be considered in the extended version of this data set. The material property data set is stored in the material property database and also used as input for FE analyses. During setting-up of the process in material property database module, the collection of needed data according to selected material m is done, and this set of data is sent as selected material property data set u' (Fig. 2) to the forming process knowledge base module. This module is a storage for all relationships between materialforming properties and forming process parameters collected during the forming history, dedicated FE simulations, and other studies. Now that the selected material property data set u' is received into the forming process knowledge base module, the module collects proper forming relationship data and sent it as selected forming process parameter k (Fig. 2 ) to the control function generator. From the knowledge buildup module, the FE simulation data set p' (Fig. 2) is also going as input into the material property control function generator module. This data set is coming from FE database that store all FE simulation data. When material designation m (Fig. 2) comes into the FE database as input module collect needed data and sent into the material property control function generator module.
In the presented article, into the FE simulation module, the function to find the relationship between pile-up values and all influential parameters (D, μ, s, σ f -ε e,p , Lankford's r-values) is included. The FE simulation module needs two parameters: material property data u and indentation test parameter t'. Material property data u is here needed for material and its thickness and indentation test parameter t' for boundary conditions of the FE simulation. In the first phase, the optimal indentation test is unknown. In this phase, the indenter diameter, its embossing speed, and support surface are determined. The second phase is dedicated to the evaluation of material influence at fixed parameters of the indentation test. Finally, the influence of contact friction is to be evaluated as well. In the literature overview, it was presented that material properties are determined by using F -h p or/ and s u -h p curves, and the main purpose of the FE simulations is to find the relationship between these curves and material properties. The output from the FE simulation module is the FE simulation data set p (Fig. 2 ).
MATERIALS AND METHODS

Material Data
In the material property module of the knowledge build-up group are included all needed experiments to describe the material-forming properties [24] and [25] . In the presented paper, the uniaxial tension test was conducted. The selected material is cold-rolled 3 mm thick strain-hardened sheet aluminium alloy AW 5754-H22 with basic mechanical properties (Table 1) in line with the standard EN 485-2 [26] . To obtain the true stress σ f versus true plastic strain ε e,p relationship, we have conducted the uniaxial tension test according to ISO 6892-1 [27] for three typical rolling directions (0°, 45°, and 90°). The material was tested using an AMSLER universal testing machine with 30 kN nominal force, an Applied Measurement Systems transducer with 25 kN nominal load for force measurement, and optical strain data acquisition system. Since high strains are to be expected with ball indentation, the difference between the Hollomon and Swift hardening power laws was examined for the stress flow in the rolling direction. The maximum achieved values of tensile test at rolling direction 0° were for true stress 274.3 MPa at 0.108 true plastic strain, respectively. If we are using the Hollomon hardening power law (Eq. (1), then both parameters C and n are obtained by fitting the curve in σ f -ε e,p diagram or using log(σ f ) -log(ε e,p ) approach [28] . In our case, the Hollomon power law (Eq. (1)) is not the best material hardening approximation. As an alternative to the Hollomon power law approximation, the Swift hardening power law can be used [29] (Eq. 
where K is Swift material constant, ε 0 pre-strain, and n s hardening exponent, respectively. Those material parameters can be obtained by curve fitting. Tested aluminium alloy AW 5754-H22 has a good fit with Swift hardening power law with parameters listed in Table 2 therefore, in the present study, the Swift hardening power law was used.
Satošek 
FE Simulation
The second important module in the knowledge buildup group is the FE simulation module. To define the material parameters of the anisotropic materials with an indentation test, we need to analyse the material response under indenter load and define needed measurements after embossing the indenter into the material.
Each performed FE simulation [24] consists of geometry, mesh, material mechanical and formability properties, contact interactions between indenter and material, boundary conditions and applied load. The material parameters have already been discussed, and for the majority of the FE simulations, the isotropic material properties were used.
If the anisotropic material is simulated, Hill's potential function has to be considered (Eq. (2)). Preliminary FE simulations of the indentation were addressed to the understanding of material response under the indenter load. It was noticed that for aluminium alloy AW 5754-H22, the dominant effect is pile-up. FE simulation shows that at the unloaded state, the value of pile-up s u is 5 % higher than in the loaded state ( Fig. 3) . On the other side, the pile-up diameter after unloading d s is 1 % smaller in comparison to the loaded state. Furthermore, the difference between indenter depth h p and indentation depth h is only 2 %. Consequently, all our studies were validated to the amount of pile-up at the unloaded state, which will also can be measured in future research work.
Model, Mesh and Loads
The FE model of sheet metal during the indentation process was described with 3D elastic-plastic elements. To shorten the computer time required for the numerical FE simulation of the indentation test, a model symmetry with one-quarter of the entire analysed problem was used. For the majority of performed FE simulations, an indenter diameter of 1 mm and 3 mm thick AW 5754-H22 deformable sheet material was used. The cross-section with a size of 4.5 mm × 4.5 mm is sufficiently large that at maximum indenter depth h p is an elastic region supporting the plastic one after the embossing with the indenter is present.
The selected mesh density has 79405 linear hexahedral (C3D8R) elements describing the elasticplastic sheet metal while the indenter consists of 1852 linear quadrilateral (R3D4) and 10 linear triangular (R3D4) elements, respectively. The mesh size ranges from 0.007 mm × 0.007 mm × 0.01 mm to 0.2 mm × 0.2 mm × 0.2 mm.
Decreasing the numerical model of the indentation test to one quarter only [20] requires double-sided axis-symmetry ( Fig. 4) , which was used to shorten the computer calculation times. For the "x" symmetry (left surface of the model in Fig. 4 ), the surface nodes were fixed with movement restriction in "x" direction and rotation restrictions around "y" and "z" direction while for the "y" symmetry (front surface of the model in Fig. 4 ), the surface nodes were fixed with movement restriction in "y" direction and rotation restrictions around "x" and "z" direction. The bottom surface was fixed in the "z" direction to simulate the supporting surface. The indenter could move only in the "z" direction towards the top surface of the sheet metal with a speed of 0.05 mm/s, which is equal to the experimental indenter speed. At such speed, the static material behaviour can be assumed, neglecting the influence of the strain rate on material behaviour. Therefore, the strain ratedependant material behaviour was not introduced into the simulation. Preliminary evaluations of the heat generated due to the work hardening and friction between the tool and the specimen have shown that the temperature rise at the adiabatic process as a worst case of heat generation during the forming does not Study of Influential Parameters of the Sphere Indentation Used for the Control Function of Material Properties in Forming Operations exceed 0.1 degrees. At the indentation speed of 0.05 mm/s, the heat conduction dominates the thermal state during the indentation, leading it towards isothermal conditions. Through this, the heat generation and corresponding temperature rise due to work hardening and friction among both objects in contact were neglected in the selected constitutive model. 
EXPERIMENT
To design the indentation test module properly in the proposed control function generator, first the indentation test needs to be experimentally performed ( Fig. 5 ). Through this, the indenter load for the selected AW 5754-H22 material at known tool displacements are to be acquired. These measurements are indispensable for the determination of the friction coefficient among both objects in contact. To indent the spherical shape into the AW 5754-H22 aluminium alloy, the LaborTech Lab Test 5.100SP1 100 kN uniaxial testing machine was used (Fig. 5a ). The spherical indenter was mounted in a specially designed indentation tool, enabling the flexible mounting of different indenters. On both parts of the indentation tool, reflective tape was placed to enable the laser measurement of the indenter displacement in the vertical direction. The measurement was done with an LE-05 laser extensometer from Electronic Instrument Research the accuracy of this device is 1 µm.
A Brinell spherical indenter with a 1 mm diameter was mounted into the indentation tool. A specimen of AW 5754-H22 aluminium alloy was polished with 3 μm polishing paste to obtain an optimal flat measurement surface. After polishing, the specimen was placed into the indentation tool. During the indentation test, the indenter vertical speed was set to 50 µm/s, while the tool's position was monitored with the laser extensometer. The initial contact between the spherical indenter and specimen was defined at the contact force of 5 N where the laser extensometer was set to 0. The selected indenter displacements for particular tests were from 100 µm to 350 µm with step increments of 50 µm. At this point, the force F acting on indenter and indentation depth h p were acquired.
Fig. 5. Equipment used to perform a) indentation test, and b) measurement of the indentation
The formed cavity and its vicinity were measured with a Keyence VHX-6000 optical microscope (Fig.  5b) . The microscope was set to 300× magnification, and the samples were scanned with a pitch of 2 μm. Based on the conducted measurement, the indentation depth h and pile-up value s u were determined, and correlations with indenting forces were evaluated for further comparison with numerical results.
RESULTS AND DISCUSSION
The usability of the DFMCF depends on proper design of each module inside the groups of the DFMCF (Fig. 2 ). With the plotting of different diagrams and analyzing the corresponding correlations at the indentation process, its optimal set-up parameters were determined.
Indenter Diameter D
The decision of the dimension and geometry of the indenter represents a crucial step in designing the indentation test. The sheet metal has stretched grain structure in the rolling direction, also known as textured grain structure. When the indentation test integration into the sheet metal forming process is analysed, the aim is to deform as many crystal grains as possible. It is not sufficient to evaluate the grain structure at the projected surface the size and shape on the material's cross-section are also important. The dimensions of the crystal grains define the minimal indenter diameter and its indenter depth while its maximal dimensions are limited by the material thickness. Fig. 6 shows the relationship between pile-up and indentation depth for different indenter diameters at the material thickness of 3 mm. Four different indenter diameters ranging from 1.0 mm to 2.5 mm were numerically simulated. The influence of the thickness is measured by the curve deviation from the line. At straighter curves, lower influence can be expected, being the smallest in the case of linear correlation. To explain into the detail the behaviour of the material at indentation into different sheet thicknesses, the indentation diameter of 2.5 mm was selected. The diagram s u -h p (Fig. 7) was plotted at an unloaded state. Additional to the s u -h p relationship, von Mises stresses at loaded state are plotted (Fig. 7) . To distinguish the difference between elastics and plastic regions, the minimum at the stress scale was set to yield stress of the observed AW 5754-H22 material.
The elastic region is shown as grey in Fig. 7 , and the coloured area is the plastic region. At indenter depth of 0.25 mm, the elastic region of the sheet metal below the plastic one can be observed only in the case of 5 mm thick material. In the case of 1 mm thick material, the curve on the diagram in Fig. 7 deviates from the line due to the fully plastic deformed sheet metal in the vicinity of the embossed shape across its entire thickness. However, the sheet thickness also influences the inclination of the observed line or curve. In the case of material thicknesses of 3 mm and 5 mm, the correlation is linear up to h p = 0.35 mm, and the difference between gradients of these lines are small. By decreasing the material thickness down to 1 mm and 2 mm, the plotted curve has a visible deviation from linear correlation and the inclination is smaller than in the case of the 3 mm thick material. The optimal value of indenter diameter at the dedicated material thickness and planned indenter depth is when these two rules are followed: 
Friction Coefficient
Syngellakis et al. [30] have analysed influence of friction coefficient on the pile-up effect however, they used a rotational-symmetric FE model and isotropic material, and they have analysed the influence of friction coefficient on one pile-up value only. The interaction between the friction coefficient and the pile-up as a function over a range of various indenter depths has not yet been found in the literature. Therefore, the friction influence on pile-up values at unloaded state has been numerically simulated for five different Coulomb friction coefficients (μ = 0, 0.05, 0.1, 0.2 and 0.45). From the diagram in Fig. 8 , it is evident that friction influences the pile-up value. Through all points of the diagram (Fig. 8) with the same friction coefficient, a line can be drawn. The relationship between friction coefficient and pileup value results in an increase of pile-up at lower friction coefficients. Fig. 8 shows the values of pile-up regarding different friction coefficients with the values presented in Table 3 , and at friction μ = 0.45, the pileup value is 49 % lower as in the case of frictionless contact. It can also be stated that friction has a similar effect on the pile-up or sink-in as the strain-hardening exponent. At frictionless contact, the pile-up or sink-in effect is determined by the strain-hardening exponent. In the case of material delivering a dominant pile-up effect, the increase of friction coefficient diminishes, the pile-up and can shift it even towards the sink-in. Fig. 8 . Influence of the contact friction Table 3 . Different pile-up value at different coefficient of the friction h p = 0.25 mm μ = 0 μ = 0.05 μ = 0.1 μ = 0.2 μ = 0.45 pile-up s u [mm] 0.0665 0.0608 0.0530 0.0439 0.0340
Experimental Calibration of Friction Coefficient μ Used in FE Models
The relationship between the force F acting on the indenter versus indenter depth h as well as value of the pile-up versus indentation depth h were plotted and presented in the discussion about FE indentation tests and experimentally obtained shapes of the cavities.
To determine the real friction among the indenter and the specimen, it is necessary to implement the measured values of force F and indenter depth h onto the calibration curves obtained with the FE simulations, as shown in the Fig. 9 . The relationship F versus h shows that the measured values of indentation test fits well with the FE data using the friction coefficient of μ = 0.20. The so-defined coefficient of the friction is aligned with Trzepieciński and Lemu [31] and slightly lower value as defined by Duran [32] . The limiting values of the diagram in Fig. 9a are μ = 0.45 and μ = 0.10, respectively. A slight deviation among the FE-obtained curves and experimental results, which may be caused due measurement accuracy of the used experimental equipment at low indentation depths, may be observed.
The same procedure was used for the s u -h relationship (Fig. 9b) . The comparison among numerical and experimental results also interact in this case at most for the friction coefficient of μ = 0.20. Therefore, in the FE simulations described in chapters Influence of the strain history of used material and Anisotropic material, the coefficient of the friction with the value of μ = 0.20 was selected. Taking into account the literature about the indentation test and how the anisotropy of the material is described with Hill's ratios, four different anisotropy descriptions were determined (Table 4) : isotropic material, anisotropic material with R 22 none-equal to 1, and two anisotropic material with different parameters R 22 , R 33 and R 12 . The differences among anisotropic materials "II" and "III" are described below. 
The differences among all four materials and, in particular, the influence of anisotropy on the level of the pile-up versus indentation depth were visualised with simulations of ball indentation, as shown in Figs. 10 and 11 , respectively. For all simulations, Young's modulus, Poisson's ratio, density, coefficient of friction, and flow curve were fixed. The variable parameters among performed simulations are Hill's ratios values, according to Table 4 . In the case of material designated "aniso I", anisotropic properties were taken from Wu et al. [17] . Hill's ratios for the material "aniso II" is calculated from the set of anisotropic Lankford's r-values r 0 = 0.565, r 45 = 0.677 and r 90 = 0.794 being measured on actual AW-5754-H22 material. The material designated as "aniso III" is an example of rolled sheet metal [34] used for deep drawing. In this case, Lankford's r-values are r 0 = 0.81, r 45 = 0.58, and r 90 = 1.08. The main difference between the material "aniso III" and the material "aniso II" is the consecutive rising values of Lankford's coefficients from r 0 over r 45 to r 90 by the later one. Fig. 11 shows pile-up value at indenter depth 0.2 mm and at different main direction θ. Fig. 10 shows s u -h relationships for all three main directions θ = 0°, θ = 45°, and θ = 90°. For isotropic material properties, the s u --h relationships for all three main directions are aligned. The s u -h relationships at θ = 45° direction of "aniso I", "aniso III" and the isotropic are aligned. In case of the "aniso II" material, the s u -h curve is slightly higher regarding other lines at θ = 45°. This may be caused due to the steadily increasing values of Lankford's coefficients. Furthermore, with the material "aniso III", the s u -h relationships at θ = 0° and θ = 90° are not aligned with the θ = 45° curve. Observing the gradients k of linear relationship in the s u -h diagram (Fig. 10 ), the differences between k 0 and k 90 are the largest with material "aniso I", while they are the smallest with the material "aniso III"..
Influence of the Strain History of Used Material
To reduce disturbances defined by Allwood et al. [1] and to enable the feed-forward controls in a manner similar to those described by Heingärtner et al. [23] during sheet metal forming, the indentation test can be used for the evaluation of the strain history of the material used, as represented in Fig. 12a . The light gray flow curve represents the material properties for annealed material (e.g. AW 5754-O condition) in the entire range from R p to σ f100 reached at ε e,max . After sheet metal rolling of such material, the initial value of flow stress R p is raised to σ fi (beginning of the continuous curve). The same flow stress changes are also expected to happen during the deep draw forming process however, the flow stress after the forming is σ fi+1 (end of the continuous curve). The values of flow stress at σ fi are important for setting-up the forming process, while the stresses after the forming process and all subsequential forming operations can be digitally determined with FEM simulations. However, on automated production lines, the process uncertainties causing variation of material flow stress at particular part areas after the forming operation are to evaluate on-line in the future. For this purpose, the indentation test is to integrate into the process lines.
To understand the influential testing parameters and to design optimal indentation test, FE simulations of different pre-hardened material states were performed. As already discussed, for this study, the asdelivered AW 5754-H22 material is used. Therefore, the entire flow stress range Δσ f from yield stress R p = 174.9 MPa up to true stress σ f = 274.3 MPa at ε e,max (Eq.7) was experimentally acquired. In this step, each executed FE simulation was done with different starting true stress σ fi (Eq.8) representing the rise of flow stress due to various cold rolling operation in the production of sheet metal. Index i is the percentage of flow stress range rise before the sheet metal forming stage where the values of i = 15 %, 30 %, 45 %, 60 %, 70 %, and 85 % were used. For the purpose of analysis, the unknown pre-strain shifting of initial coordinate point of strain axis (virtual shift) as shown in Fig. 12b for the case of ε i45 is performed. Fig. 13 shows the σ f -ε e,p flow curves of virtual pre-hardened material used in FE simulations of the indentation test compared to the flow curve of initial material.
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As mentioned, when defining material properties of the AW 5754-H22, the presented paper uses the Swift approximation power low due to better fitting of its material properties. Finally, no indentation test method considering the Swift hardening power law was found in the literature.
The indentation test at different forming steps i was simulated using the Swift hardening law. Since at compression loading significantly higher strains can be reached prior to material failure, as in the case of tensile loading, the maximal plastic strain of the initial material in all FE simulations of indentation test were set to ε e,p,max = 1. The s u versus h correlations at rolling direction (θ = 0°) obtained from FE simulations are presented in Fig. 14a . The maximum values of each obtained line correspond to the obtained value of selected maximal plastic strain. However, the factors i are connected to the percentage of pre-strain values presented in Fig. 14a for these pre-strain values, the maximal attainable plastic strain was decreased, as shown in Fig. 14a . It can be observed that the indenter depth depends on percentage i of the prestrain, where at higher forming percentages i lower indentation depth h is reached. The present study shows that percentage of the pre-strain i increases the gradient of the linear correlation describing the s u -h relationship (steeper slope). Fig. 14b is an example of the increased gradient of the s u -h line due to the pre-strain difference between initial and i = 45 % prestrained material. It is also evident that anisotropy does not influence the gradient increase if pile-up in different directions (θ = 0°, θ = 45° and θ = 90°) was observed ( Fig. 14b ). For each FE simulated set of data points at particular pre-strain, the linear trendline was approximated in order to obtain the parameters of linear correlation, and the gradient k was extracted. Fig. 15 presents the relationship between gradient k and pre-strain values. It is evident that the relationship k versus ε e,p can also be described with a power function. An entirely new correlation is introduced, as shown in the Eq. (9):
where a is the constant of the introduced power function, f 0 initial shift regarding the coordinate system and b the function's exponent. Particular parameters of the determined power function are shown in Table 5 for all three directions regarding the material rolling. The introduced function is valid for the AW 5754-H22 material and its generalization needs to be further analysed. However, this function can be introduced into the DFMCF system. Fig. 15 . Relations between the k (gradient of the linear trendline) and true strain ε e,p
CONCLUSIONS
The following conclusions can be stated from the presented study: a) To reduce disturbances (Allwood classification) in the sheet metal-forming process we, introduce the concept of DFMCF aimed for the feedforward controls of sheet metal production lines. This data flow has three groups of modules among which one is designated as knowledge build-up. The present study focuses on the FE simulation module as a part of knowledge build-up group. If we are following the material properties control function data flow for FE simulation, the material properties have to be experimentally acquired. In the presented work, the uniaxial tension test for aluminium alloy AW 5754-H22 was conducted and approximated with Swift hardening power law. b) The pile-up effect is influenced by indenter diameter D and corresponding indenter depth h p . The combination of indenter diameter D, indenter depth h p and material thickness s was analysed to select proper dimension D for experimental work, for which the existence of the elastic area under the indenter must be present. The relation between indenter depth h p and the value of the pile-up s u have to be linear for quality measurements. The slope of the linear relationship s u -h p depends on indenter diameter D its smaller value leads to a steeper line. In the case of the missing elastic area under the contact surface (e.g., when the material thickness s is too small), the relationship between indenter depth h p and pile-up value s u becomes non-linear, and the gradient of the curve starts to decrease. Material AW 5754-H22 with a thickness of s = 3 mm and the indenter with diameter D = 1 mm were selected for experimental verification. c) Friction has significant influence on the pileup effect, and it decreases the pile-up value s u . Therefore, for the numerical simulations a proper friction coefficient needs to be inserted into the FE models. Comparative analyses among FE simulations of the indentation process and experimental work have shown good fit for friction coefficient of µ = 0.2 being used for all consecutive numerical analyses. d) The anisotropic behaviour of material properties plays a significant role in pile-up mapping. In the case of anisotropic material, the pile-up values are directional dependent. Evaluating the relationship s u -h, it was found that the pile-up at θ = 45° has the nearest slope to the isotropic one while at θ = 0° the slope is increased and, vice versa, at θ = 90° it is lower as in the case of isotropic material. In the future research work, the indentation test will be integrated into the sheet metal forming process, and the relation between pile-up values and Lankford's r-values will be determined. e) The forming history can be recorded with the indentation test shown on the case of aluminium alloy AW 5754-H22. Various material pre-strains caused by cold rolling deliver steeper s u -h lines, and the target true equivalent plastic strain ε e,p is reached at smaller indentation depth h. f) An entirely new correlation of the slope of the linear relationship of s u versus h as a function of pre-strain was introduced, leading the AW 5754-H22 material to the potential equation correlating the factors k, ε e,p and new introduced parameters a, f 0 and b. g) Further research work is oriented towards the design of an experiment to establish the connection between the knowledge build-up group and control function generator group and experimentally prove the presented on-line forming process feed-forward control function.
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